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Abstract
N-myc downstream-regulated gene 1 (NDRG1) is induced by cellular stress such as hypoxia and DNA damage, and in
humans, germ line mutations cause Charcot-Marie-Tooth disease. However, the cellular roles of NDRG1 are not fully
understood. Previously, NDRG1 was shown to mediate doxorubicin resistance under hypoxia, suggesting a role for NDRG1
in cell survival under these conditions. We found decreased apoptosis in doxorubicin-treated cells expressing NDRG1
shRNAs under normoxia, demonstrating a requirement for NDRG1 in apoptosis in breast epithelial cells under normal
oxygen pressure. Also, different cellular stress regimens, such as hypoxia and doxorubicin treatment, induced NDRG1
through different stress signalling pathways. We further compared expression profiles in human breast epithelial cells
ectopically over-expressing NDRG1 with cells expressing NDRG1 shRNAs in order to identify biological pathways where
NDRG1 is involved. The results suggest that NDRG1 may have roles connected to vesicle transport.
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Introduction
N-myc downstream-regulated gene 1 (NDRG1) is also known as
Drg-1 (differentiation-related gene 1) [1], Cap43 (p43 protein
induced by free intracellular Ca2+) [2], and RTP (reducing agents
and tunicamycin-responsive protein) [3], named by its perceived
functions in different in vitro assays. The NDRG gene family
contains NDRG1, -2, -3 and -4, which have 57–65% amino acid
sequence identity [4]. The tissue-distribution of NDRG1 mRNA is
widespread [4,5], and the NDRG1 amino acid sequence is .80%
identical in a variety of species, ranging from amphibians and fish
to mammals [6]. However, the physiological functions of NDRG1
remain elusive. NDRG1 encodes a protein that belongs to the a/b
hydrolase superfamily, but lacks an apparent hydrolytic catalytic
site [7]. NDRG1 has been shown to exist as a multi-phosphor-
ylated protein, lacks an ER-targeting signal-sequence and has no
apparent transmembrane domain [3,8]. The protein has primarily
been detected in the cytoplasm, but is also seen associated with the
plasma membrane, nucleus and the inner mitochondrial mem-
brane, depending on the cell type assessed [5].
NDRG1 missense mutations cause hereditary motor and sensory
neuropathy-Lom (HMSNL), an autosomal recessive form of
Charcot-Marie-Tooth disease (CMT) also called CMT4D [9].
Patients with CMT4D exhibit early-onset peripheral neuropathy,
which progresses in adulthood to severe disability characterized by
muscle weakness, sensory loss, and neural deafness [9,10]. A
tumor-promoting role has also been reported for NDRG1 [11,12],
and it has been implicated in metastasis suppression [13–15].
Further, NDRG1 has been shown to have a role in myelin sheath
maintenance [9,16], exocytosis in mast cells [8,17], differentiation
[1,13,18], and NDRG1 expression is induced by homocysteine
[3], androgen [19], as well as in response to various forms of
cellular stress such as hypoxia [5,20,21], heavy metals [20] or
DNA damage [22,23].
In the present study, we induced DNA damage by doxorubicin
treatment of epithelial cell lines expressing NDRG1 at relatively
high (SUM102, ME16C2 and HCT116) or low (ZR-75-1 and
MCF-7) levels. We found that doxorubicin-induced apoptosis was
inhibited in epithelial breast cells expressing shRNAs targeting
NDRG1, demonstrating that NDRG1 is required for apoptosis in
these cells under normoxic conditions. We also present results
showing that NDRG1 is not a regulator of hypoxia-induced gene
expression in the epithelial cells studied, and that hypoxia and
doxorubicin treatment initiate different NDRG1 responses. Global
gene expression analysis of cell lines with manipulated NDRG1
expression demonstrates that NDRG1 influences the expression of
genes related to vesicular structures and transport. The roles of
NDRG1 in cellular responses to stress, such as hypoxia and
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apoptosis may converge by NDRG1 exerting its functions at the
level of endomembrane structures.
Results
NDRG1 does not Regulate Hypoxia-induced Gene
Expression
We first studied the two luminal breast cancer cell lines, ZR-75-
1 and MCF-7, and demonstrated increased NDRG1 expression
when these cells were grown at 1% O2 for 24 hours (Figure 1A).
Then we grew both cell lines under hypoxic conditions for 24 or
48 hours and compared the global gene expression profile with
cells grown at normoxia. Five microarrays were used per cell line
(Figure 1C). Sixteen out of 18 genes in a robust hypoxia signature
previously described by Chi et al. [24] showed increased expression
on the microarrays (Figure 1C), documenting the hypoxia
response in the cells analyzed.
We further investigated whether ectopic NDRG1 expression
would result in similar gene expression changes as those detected
in cells grown under hypoxic conditions. To facilitate ectopic
expression, a construct carrying NDRG1 cDNA (see Figure S1)
was transduced into ZR-75-1 in parallel experiments resulting in
six cell populations, ZR-75-1/NDRG1 A–F, all showing increased
NDRG1 expression (Figure 1B). Global gene expression profiling
was performed using the six ZR-75-1 cell populations ectopically
expressing NDRG1 grown in 20% O2 (9 microarrays) (see
experimental procedures for details). A one class significance
analysis of microarrays (SAM) was performed to identify genes
with similar expression patterns on these 9 microarrays and the 5
microarrays from ZR-75-1 cells grown under hypoxia. Only genes
represented on more than 60% of the arrays were included. The
SAM analysis identified only 6 genes in addition to NDRG1:
AGMAT, FTL, KLF12, LMNB1, SCHIP1, and STAT3 (FDR=0),
documenting a limited overlap in the global gene expression
response when NDRG1 is induced by hypoxia compared to
ectopic NDRG1 over-expression. Furthermore, the only gene in
the hypoxia signature showing increased expression in the cells
ectopically expressing NDRG1 was NDRG1 itself (Figure 1D).
Thus, ectopic over-expression of NDRG1 does not trigger a gene
expression profile resembling the hypoxic response, showing that
NDRG1 is not itself a regulator of hypoxia-induced gene
expression in the cells analyzed.
DNA Damage and Hypoxic Growth Induce different
NDRG1 Responses in the Cell
NDRG1 has previously been shown to have a role in TP53-
mediated apoptosis in colon and pancreatic cell lines [25,26]. We
detected increased TP53 levels and a distinct increase in NDRG1
levels in a panel of doxorubicin treated cells (Figure 2A).
Furthermore, we detected a significantly reduced fraction of
apoptotic cells when NDRG1 shRNAs [27] were expressed in the
immortalized breast cell line SUM102 (Figure 2B). This shows
that NDRG1 is necessary for doxorubicin-induced apoptosis in
SUM102 under normoxic conditions.
We then treated SUM102 cells with doxorubicin and in parallel
grew cells in hypoxic conditions, and used immunofluorescence to
detect NDRG1 (Figure 3A). Cells grown at 1% O2 show
increased NDRG1 levels in the cytoplasm, whereas doxorubicin
treatment resulted in increased NDRG1 levels with a coarsely
granulated cytoplasmic staining pattern (Figure 3A). Staining
with markers for ER (calnexin) and early endosomes (EEA1) did
not show co localization with NDRG1 in SUM102 under the
conditions tested (Figure 3A,B). Furthermore, we did not observe
any obvious morphological differences in the SUM102 cells with
or without NDRG1shRNA expression under the conditions tested
(results not shown). In summary, our results indicate that hypoxia
and doxorubicin treatments initiate different NDRG1 responses in
SUM102 cells.
Figure 1. Increased NDRG1 expression due to hypoxia or
ectopic expression. (A) Increased NDRG1 expression detected by
Western blotting in the breast cell lines MCF-7 and ZR-75-1 grown at 1%
O2 for 24, 48 and 72 hours as indicated, compared to control cells
grown at 20% O2. (B) Western blots document increased NDRG1
expression in cells grown at 20% O2. The ZR-75-1 cell populations
transduced with the NDRG1-cDNA (six biological parallels indicated A–
F), are compared to ZR-75-1 transduced with the vector pSiRPG [27]
without insert (C2 and C3). a-tubulin was used as loading control (A
and B). Note that a reduced level of total protein is loaded in the lane
containing extract from MCF-7 grown at 1% O2 for 24 hours. (C)
Treeview presentation of the expression of 18 genes in a hypoxia
signature gene list [24] in MCF-7 and ZR-75-1 cells grown at 1% O2 for
24 or 48 hours as indicated. (D) Treeview presentation of the hypoxia
signature genes in six ZR-75-1 cell populations ectopically over-
expressing NDRG1 (indicated A–F). The red and green colours show
increased and reduced expression levels, respectively (C and D). The
colour intensity is from 23 to 3 indicating the magnitude of the fold
change in gene expression between the cell population and its control.
doi:10.1371/journal.pone.0087268.g001
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Global Gene Expression Analysis Indicate that NDRG1
Function is Connected to Endomembrane Structures and
Vesicular Transport
To investigate the global gene expression changes caused by
manipulated NDRG1 expression, we focused on the breast
epithelial cell lines SUM102 and ME16C2, because both have
high endogenous NDRG1 expression (Figure 4). Two NDRG1
shRNA constructs, NDRG1si4 and NDRG1si7 [27], were
transduced into these cell lines in two parallel experiments
resulting in a total of eight cell populations with reduced NDRG1
expression: SUM102/NDRG1si4A and 4B, SUM102/
NDRG1si7A and 7B, ME16C2/NDRG1si4A and 4B, and
ME16C2/NDRG1si7A and 7B (Figure 4). Global gene expres-
sion profiling was performed and a two class SAM analysis was
used to identify genes showing different expression in SUM102
and ME16C2 with NDRG1 knock-down (16 microarrays)
compared to ZR-75-1 ectopically over-expressing NDRG1 (9
microarrays). The SAM delta value was adjusted to obtain the
largest gene list that gave a false discovery rate of less than 5%
identifying 103 probes representing 83 genes (FDR=3.5%) (table
S1). The remaining probes represented control oligos, duplicated
oligos and multiple oligos targeting the same gene. Clustering of
the resulting 83 genes identified across the different cell
populations are visualized in Figure 5.
Functional information was available for 69 of the 83 genes in
the SAM-derived gene list and these were used to search for
enriched gene ontology terms by Gominer [28]. The cellular
compartments identified in the Gominer analysis using a cutoff for
significant GO categories at p#0.005, are listed in table S2;
vesicle coat (3 genes), organelle membrane (13 genes), extracellular
space (10 genes), membrane coat (3 genes), integral to organelle
membrane (4 genes), and endoplasmic reticulum (11 genes), in
total adding up to 26 of the 69 genes (as several of the genes are
present in more than one category). Motivated by the Gominer
results, we further reviewed the literature regarding the remaining
genes in the SAM-derived gene list. The products from an
additional 8 genes were found to be involved in ER to Golgi, Golgi
to ER or endosomal transport, and 2 were found to be involved in
endocytosis and exocytosis. In summary, of the 69 genes with
functional information in the SAM-derived gene list, a total of 21
genes were shown to be involved in processes connected to vesicle
transport (indicated in orange in Figure 5). Nineteen of these 21
genes showed an opposite expression pattern compared to
NDRG1; i.e. they were up-regulated in the cell populations where
the NDRG1 level was reduced by shRNAs, and down-regulated in
ZR-75-1 with ectopic NDRG1 expression (indicated in orange in
Figure 5). These results suggest that induced changes in NDRG1
expression affect the expression of genes involved in vesicle
transport.
Discussion
NDRG1 Exerts its Effect through Different Stress-
signalling Pathways
Hypoxic stress has been shown to induce NDRG1 expression in
a variety of cells [29], but NDRG1’s roles during hypoxia are not
fully understood. We identified a similar expression pattern of only
seven genes, including NDRG1, when comparing the global gene
expression profile in ZR-75-1 cells grown under hypoxia with cells
ectopically over-expressing NDRG1. Thus, NDRG1 does not act
as a sensor of intracellular oxygen tension. The elevated NDRG1
expression is rather a secondary effect of hypoxic stress.
NDRG1 is induced both by ectopically expressed and
endogenously increased TP53, the NDRG1 promoter contains a
putative TP53 binding site [25,30], and NDRG1 has been shown
to be necessary for TP53-dependent apoptosis in colon and
pancreatic cells [25,26]. In line with this, we detected decreased
apoptosis in doxorubicin-treated breast epithelial cells expressing
NDRG1 shRNAs under normoxia. Other studies show no
correlation between NDRG1 expression and apoptosis despite
the up-regulation of TP53 [15,21,30,31], suggesting different
responses depending on the cell types and conditions studied. Jung
et al. [32] demonstrated that hypoxia-induced NDRG1 expression
can mediate doxorubicin resistance, suggesting that NDRG1
might increase cellular survival under hypoxia. We observed
strongly elevated NDRG1 levels under hypoxia and in cells
subjected to acute DNA-damage by doxorubicin treatment. Under
hypoxia we detected an even cytoplasmic NDRG1 signal, whereas
doxorubicin treatment resulted in a granulated signal. NDRG1
did not co-localize with ER or early endosomes under the
conditions tested. Our results are consistent with the report by Shi
et al. [33], who detected NDRG1 at the cell membrane and the
cytoplasmic network closely associated with the ER in trophoblasts
under hypoxia. Our observations are in agreement with NDRG1
exerting its functions through different stress-signalling pathways,
resulting in increased cell survival under hypoxia, while being
permissive for doxorubicin-induced apoptosis under normoxic
conditions.
Global Gene Expression Analysis Links NDRG1 to
Endomembranes and Vesicular Transport
Several of the genes identified in the current global expression
profiling encode proteins located in the ER (NFE2L3, ASPHD1,
Figure 2. Silencing of NDRG1 inhibits apoptosis in the SUM102
cell line. (A) Western blots detect increased TP53 and NDRG1
expression in HCT116, MCF-7, ZR-75-1 and SUM102 cells after treatment
with doxorubicin (1 mM) for 24 hours (+) compared to control cells (2).
a-tubulin was used as loading control. (B) The percentage of apoptotic
cells detected by TUNEL assay in the SUM102/pSiRPG, SUM102/
NDRG1si4A and SUM102/NDRG1si7A cell lines after treatment with
doxorubicin (1 mM) for 24 hours as indicated. Bars are shown with 95%
confidence intervals (p,0,02, unpaired two-tailed t-test).
doi:10.1371/journal.pone.0087268.g002
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CKAP4, HSD17B2, TMPRSS3, KSR1 and RDH16), proteins
required for endosome to Golgi trafficking (ARL1), for transport
through Golgi (GOLM1), for the retrograde Golgi-to-ER transport
(COPE), and for vesicle budding from the ER (SEC24D). The
microarray results also revealed genes encoding proteins involved
in the targeting of proteins to the ER (SRP54), ER membrane
translocation (SSR3), and proteins needed for chaperone function
(DNAJC12 and TMEM132A). Previous studies have suggested that
NDRG1 might be a client protein of the chaperone HSP90, or
that NDRG1 is a chaperone protein itself [19]. In our microarray
experiments we detected CD47 and NECAP1, the latter inhibits
endocytosis when over-expressed [34], and CD47 trigger exocy-
tosis when activated [35,36]. In total, 21 of the 69 differently
expressed genes detected in the gene expression profiling in cells
with manipulated NDRG1 expression encode proteins that are
linked to ER, Golgi, endosomes or vesicular transport between
these compartments (indicated in orange in Figure 5). Nineteen
of these 21 genes are up-regulated in cell populations with
NDRG1 knock down, and down-regulated in cell populations with
ectopic over-expression of NDRG1, which indicates that NDRG1
facilitates a down-regulation of several genes encoding proteins in
the ER to endosome axis. In stressful situations with lack of energy,
such as under hypoxia or during ER-stress, a down-regulation of
some activities in the secretory and/or endocytic routes of the cell
might conserve energy and thus contribute to restore cellular
homoeostasis. It is tempting to speculate that NDRG1 might
increase cell survival during hypoxia through such a mechanism.
CDC42 belongs to the Rho family of GTPases and influences
vesicle trafficking at many levels, anterograde ER to Golgi, post-
Golgi, exocytosis as well as endocytosis and further retrograde
transport via interaction with Wiskott-Aldrich syndrome protein
(N-WASP) and the Arp2/3 complex leading to altered actin
dynamics [37–39]. Three of the genes detected in our microarray
analysis, CDC42EP, DOCK11 and ARHGEF16 encode proteins
that modulate the activity of CDC42: While CDC42EP negatively
regulates CDC42 function, both DOCK11 and ARHGEF16
Figure 3. Immunofluorescence staining of SUM102 cell cultures. Colors were applied artificially for graphical purposes. (A) NDRG1 (green)
and calnexin (red) in untreated, hypoxia and doxorubicin treated cells. Bar: 5 mm. (B) NDRG1 (green) and EEA1 (red) in hypoxia treated cells. Bar:
10 mm.
doi:10.1371/journal.pone.0087268.g003
Figure 4. Knock down of NDRG1 expression by shRNAs. Western
blots detect reduced NDRG1 expression in the breast cell lines ME16C2
and SUM102 expressing the shRNAs NDRG1si4 (si4) and NDRG1si7 (si7),
transduced in parallel experiments (A and B) compared to control cells
(C) transduced with the empty vector pSiRPG [27]. a-tubulin was used
as loading control.
doi:10.1371/journal.pone.0087268.g004
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specifically activate CDC42 [40–43]. In cells over-expressing
NDRG1, the levels of CDC42EP, DOCK11 and ARHGEF1
detected on the micro arrays are shifted in a direction that is in
agreement with an induction of increased CDC42 activity,
conceivably resulting in increased vesicle trafficking. Thus,
NDRG1 may indirectly play a role in vesicle trafficking and in
maintenance of cellular polarity, by stimulating CDC42. Interest-
ingly, hyperactivation of CDC42 can contribute to cellular
transformation and tumor invasion and metastasis, through
generation of plasma membrane protrusions, so-called invadopo-
dia [39]. Further investigations are needed to clarify the putative
interplay between NDRG1 and CDC42 signalling pathways.
In humans, Alaskan Malamute and Greyhound, germline
NDRG1 mutations cause the demyelinating disorder CMT4D
[9,44] and Ndrg1 deficient mice show defects connected to myelin
sheath maintenance [16,45]. Generally, many genes affected in
Charcot-Marie-Tooth disease include proteins involved in regu-
lation of endocytosis and vesicle transport [46–48]. In a study of an
early onset demyelinating disease, classified as CMT4H in one
Lebanese and one Algerian family, Delague and colleagues [49]
identified novel mutations in a protein directly influencing the
activity of CDC42. The protein, known as FRABIN (FGD1-
related F-actin binding protein) is a specific regulator of CDC42
activity and it was postulated that the mutations led to loss of
CDC42 activity, leading to reduced F-actin positive filipodia
protrusions in cell cultural experiments. Whether CDC42 activity
is compromised also in CMT4D, due to NDRG1 inactivation, is
presently unknown, and might thus provide a starting-point for
further studies into the molecular pathogenesis of CMT4D.
Recently, cell death signals have been shown to induce
trafficking of recycling endosomes through a pathway involving
CDC42 [50], and CDC42 was shown to be involved in FAS-
enhanced membrane trafficking [51]. Also, TP53 can induce
apoptosis through death receptors by increased expression of FAS
[52]. NDRG2 silencing has been shown to inhibit TP53-mediated
apoptosis [53], and inactivation of NDRG2 may elicit resistance
against FAS-mediated cell death [54]. Our microarray results may
indicate an involvement of NDRG1 in trafficking of recycling
endosomes. Additional research is required to explore if increased
NDRG1 levels could result in TP53-mediated apoptosis through
increased vesicle formation, internalization and recycling of FAS
through activation of CDC42. Furthermore, the reported tumor-
promoting role of NDRG1 [11,12] and the role in metastasis
suppression [13–15], which are apparently contradictory may be
explained by involvement of NDRG1 both in cell survival under
hypoxia and in doxorubicin-induced apoptosis under normoxia. In
summary, the pleotropic roles of NDRG1 reported in apoptosis,
cell survival, myelin sheath maintenance and enhanced exocytosis
in mast cells, and in the cellular responses to hypoxia, heavy
metals, and androgenes may converge by NDRG1 influencing
vesicular trafficking.
Materials and Methods
Cell Culture and Generation of Stable Cell Populations
The breast epithelial cell lines ME16C2 [55], and SUM102, a
gift from Steve Ethier of Wayne State University (Asterand, MI,
USA), and their derivatives were grown in TCF-EGM developed
by the Tissue Culture Facility at the University of North Carolina
at Chapel Hill (http://www.unclineberger.org/tcf/index.asp).
Figure 5. Gene expression profile of cells with manipulated
NDRG1 expression. Treeview presentation of the 83 probes
representing genes found to be significantly differently expressed in
SUM102 and ME16C2 cells expressing NDRG1 shRNAs when compared
to ZR-75-1 with ectopic NDRG1 over-expression. The results show a
hierarchical clustering of the gene expression pattern, while the arrays
are sorted according to cell populations. Genes with no available
functional information (14 genes) are indicated with (*). Genes
annotated in orange encode proteins that are linked to ER, Golgi,
endosomes, as well as genes connected to vesicle transport. The
expression of NDRG1 (black) confirms the ectopic over-expression in
ZR-75-1 and shRNA-based down-regulation in SUM102 and ME16C2
cells. The red and green colours show over-expression and down-
regulation respectively. The colour intensity varies between 22 and 2
indicating the magnitude of the fold change in gene expression
between the cell population and its control.
doi:10.1371/journal.pone.0087268.g005
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The luminal breast cancer cell lines ZR-75-1 (CRL 1500; ATTC,
Manassas, VA, USA) and MCF-7 (HTB-22; ATTC) and their
derivatives were grown in RPMI1640 with phenol red (Lonza,
Walkersville, MD, USA) supplemented with 2 mM L-glutamine
(Invitrogen, Carlsbad, CA, USA) and 10% FBS (Invitrogen).
HCT116 (CCL-247; ATTC) was grown in McCoy’s 5a medium
(Lonza) supplemented with 10% FBS. For the hypoxia experi-
ments cells were grown in a hypoxic chamber, MIC-101, (Billups-
Rothenberg, Del Mar, CA, USA) at 1% O2.
Transductions were performed as previously described [27].
Stably transduced cell populations were established by selection
with puromycin (2 mg/mL; Invitrogen) for 2–5 weeks. All cell
populations were analyzed by Western blotting for expression of
NDRG1. Cell populations transduced with the vector pSiRPG
[27] without insert were also created as controls.
Western Blotting
Cells harvested in PBS were lysed in M-PER (Thermo Fisher
Scientific, Rockford, IL, USA) containing Halt Protease Inhibitor
and 5 mM EDTA (Thermo Fisher Scientific). Protein concentra-
tions were quantified using a NanoDropH ND-1000 Spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA) or with a dye-
binding assay (Bio-Rad, Hercules, CA, USA. Protein electropho-
resis, western blotting and immunodetection were performed as
previously described [27]. The blots were incubated over night
with the NDRG1 antibody (diluted 1:1000; Clarient, Aliso Viejo,
CA, USA). A monoclonal a-tubulin antibody (diluted 1:1000;
SIGMA Aldrich, St. Louis, MO, USA) was used as loading
control. Secondary antibody was horseradish peroxidase-conju-
gated anti-rabbit or anti-mouse, respectively (diluted 1:5000; GE
Healthcare, Buckinghamshire, United Kingdom), which was
detected by enhanced chemiluminescence (ECL Plus, GE
Healthcare). Blots in Figure 1 were visualized with alkaline
phosphatase-conjugated secondary antibodies (Bio-Rad) and
fluorescence was recorded with a variable mode imager (Typhoon
9200, GE Healthcare).
Global Gene Expression Analysis
Total RNA was isolated from all cell populations using
RNAeasy (Qiagen, Hilden, Germany). Cells grown under hypoxic
conditions (24 h and 48 h) and control cells incubated at normoxia
were harvested in lysis buffer at the same time points. RNA was
labeled with Cy3- or Cy5-CTP [56]. To minimize the dye effects,
three of the cell populations, ZR-75-1/NDRG1 A/B/C, were
labeled with both Cy3- and Cy5-CTP and mixed with the control
RNA labeled with the opposite dye. The three remaining ZR-75-1
populations were labeled once, but population E was labeled with
the opposite dyes compared to population D and F. For ZR-75-1
and MCF-7 grown under hypoxia, all parallels were labeled once,
but two of the parallels harvested after 48 hours were labeled with
the opposite dyes compared to the other samples. For the cell
populations expressing shRNAs, each sample was labeled with
both dyes in a dye flip set-up. Samples were hybridized to either
Human 1A (V2) Oligo Microarrays (G4110B) or Human Whole
Genome Oligo Microarrays (G4112A) (Agilent, Santa Clara, CA,
USA). Scanning were performed using a GenePix 4000B scanner
(Molecular Devices, Sunnyvale, CA, USA) adjusting the PMT
settings for each channel and each array so that the count ratio
was close to 1 and the intensities of the spots did not exceed the
maximum detection limit. Image analysis was performed using
GenePix Pro 6 (Molecular Devices). Loess Normalization was
performed to adjust microarray data for variation between the
samples.
All microarray data reported in this paper is MIAME compliant
and the raw data has been deposited in the GEO database (GEO
accession number GSE33439).
Statistical Analysis
Both one class and two class SAM (SAM version 3.02) was
performed using 100 permutations and 10 k-nearest neighbors
[57]). The SAM delta value was adjusted to give a false discovery
rate (FDR) less than 5%. The SAM derived gene lists were
clustered using the average linkage hierarchical cluster analysis in
the Cluster program [58] sorted on samples, and the data were
visualized in Treeview [59]. The SAM derived gene list was
analyzed for the cellular component gene ontology using High-
Throughput GoMiner [60]. All genes represented on the
microarray were entered as a background file. A one sided p-
value was calculated for each category based on a Fishers exact
test. The threshold of significance for a category was defined as
p#0.05.
Measuring Apoptosis by TUNEL Assay
SUM102 seeded at 200.000 cells per cm2 adhered for 24 h
before treatment with doxorubicin (1 mM; Sigma-Aldrich) for 24
hours. Duplicates were harvested and washed twice with PBS and
fixed in 4% paraformaldehyde in PBS for 15 min at 4uC. Cells
were pelleted by centrifugation and permeabilized in pure
methanol for at least 20 min at 220uC. The cells were washed
twice with PBS and apoptotic cells detected by terminal
deoxynucleotidyl transferase mediated dUTP end-labeling (TU-
NEL) assay using the In situ cell death detection kit, Fluorescein
(Roche Applied Science, Mannheim, Germany). The cells were
incubated for 60 min at 37uC with TdT and fluorescein,
centrifuged and stained with Hoechst 33258 (2 mg/ml; Invitrogen)
for 15 min on ice. The cells were filtered through a nylon mesh
and 10000 events were analyzed for each sample using FACS
DIVa Vantage Cell Sorter (Becton Dickinson, Heidelberg,
Germany) and data collection carried out using the CellQuest
3.3 software (BD Biosciences, Franklin Lakes, NJ, USA).
Immunofluorescence
SUM102 cells were plated on glass chambered slides and grown
to 60–80% confluence. The cells were fixed in 2% paraformal-
dehyde in PBS, washed and treated with 0.2% Triton X-100 in
PBS for permeabilization. After blocking (2% BSA, 0.2% Tween
20, 7% Glycerol, 2% Goat serum, in PBS), cells were incubated
with NDRG1 antibody (rabbit, diluted 1:200; Clarient) or isotype
control antibodies (Invitrogen) over night. Secondary antibody was
Alexa-405 anti-rabbit (diluted 1:250; Invitrogen A31556). Early
endosomes were marked with the EEA1- antibody (mouse
monoclonal IgG1 diluted 1:1000; Abcam ab70521), and detected
with secondary anti-mouse IgG1 antibody Alexa-633 (dilut-
ed1:1000; Invitrogen A21126). Endoplasmic reticulum was
marked with an anti-calnexin antibody (mouse monoclonal
IgG1, diluted 1:1000; Abcam ab31290) and secondary anti-mouse
IgG1 antibody Alexa-488 (diluted 1:200; Invitrogen). Propidiu-
miodide (PI), was used in a 1:10 dilution for nuclear contrast.
Images were acquired using a Zeiss LSM 710 confocal laser
scanning microsope (Carl Zeiss, Jena, Germany). Lasers and
fluorescent filters were optimized for 405 nm (NDRG1), 488 nm
(calnexin), 560 nm (PI), and 633 nm (EEA1) excitation maxima.
To facilitate signal interpretation, pseudocolors were applied
digitally, using the Zen Lite 2011 software package (Carl Zeiss,
Jena, Germany). The aquired images were assembled in Adobe
Photoshop Elements 10 (Adobe Systems Inc., San Jose, California,
USA).
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Accession Number
The micro array results reported in this paper have been
assigned the GEO accession number GSE33439.
Supporting Information
Figure S1 The expression vector pRTRex. The vector pRTRex
is compatible with the Gateway system where the cDNA replaces
the fragment between the attR-sites using the LR clonase
(Invitrogen, CA, USA). The phosphoglycerate kinase (PGK) and
Cytomegalovirus (CMV) promoters are shown with open arrows.
The puromycin resistance gene (PuroR) and the Long terminal
repeats (LTR) from murine stem cell virus are shown as black
arrows. The vector is based on a pUC vector backbone for high
copy number propagation in E. coli. The map was constructed by
using Vector NTI (Invitrogen). The pRTRex vector was
constructed as follows; the plasmid pSUPER.retro.Puro (OligoEn-
gine, WA, USA) was digested with EcoRI and XhoI, and pT-Rex-
DEST30 (Invitrogen) was digested with NheI and PciI. The 59-
overhangs created by these enzymes were blunt ended with the
Klenow fragment of DNA polymerase 1 (New England Biolabs
(NEB), MA, USA). The resulting two fragments were religated,
transformed into into E.coli DH5a and colonies were analyzed by
restriction mapping and by sequencing over the cloning junctions
using the primers pTRexS1 (CCC CTT GAA CCT CCT CGT
TC) and pTRexS2 (GCC AGA GGC CAC TTG TGT AG). A
clone with the correct sequence was named pRTRex. This
Gateway compatible expression vector is available upon request. A
construct named pRTRex-NDRG1 contains the NDRG1 cDNA
insert (MGC-11293, ATCC-LGC), which was transferred via
pDONR201 (Invitrogen) using the BP clonase, and further
transferred to pRTRex using the LR clonase (Invitrogen).
(TIF)
Table S1 Expression values for genes showing significantly
different expression between cells with NDRG1 knock down
versus ectopic over-expression of NDRG1. Columns A–E show
symbol, name, Genbank Accession number, UniGene ID and
Agilent ID, respectively, for each of the genes. Columns F-AD
show the relative expression values in the cell populations
indicated (header row) compared to the expression in its respective
control. Log2 of the ratios of the colour intensity in the cells with
altered NDRG1 expression versus the controls are given.
(XLS)
Table S2 Enriched gene ontology terms indentified by GoMiner
analysis. Genes are listed alphabetically in the first column of the
table. The header row gives the name of the GO category, sorted
by increasing p-values. Categories with p-value above 0.005 are
excluded. (+) indicates association with a GO category.
(XLS)
Acknowledgments
The authors would like to thank Zhiyuan Hu and Morten Mattingsdal for
discussions related to the microarray design and analysis, Gro Leite
Størvold, Ann-Kristin Ruud Larsen and Kaja Lund for discussions and
help with initial hypoxia experiments, Hans Christian Dalsbotten Aass at
The Flow Cytometry Core Facility, Department of Clinical Chemistry,
Oslo University Hospital for assistance with TUNEL analysis. The authors
are also grateful to Professor Mikala Egeblad for scientific discussions.
Author Contributions
Conceived and designed the experiments: HAA EG GG MAT EF.
Performed the experiments: HAA EG GG MS NI MAT EF. Analyzed the
data: HAA EG GG NI MAT EF. Contributed reagents/materials/analysis
tools: HAA EG DTR ALBD EF. Wrote the paper: HAA EG GG MAT
EF.
References
1. van BN, Dinjens WN, Diesveld MP, Groen NA, van der Made AC, et al. (1997)
A novel gene which is up-regulated during colon epithelial cell differentiation
and down-regulated in colorectal neoplasms. Lab Invest 77: 85–92.
2. Zhou D, Salnikow K, Costa M (1998) Cap43, a novel gene specifically induced
by Ni2+ compounds. Cancer Res 58: 2182–2189.
3. Kokame K, Kato H, Miyata T (1996) Homocysteine-respondent genes in
vascular endothelial cells identified by differential display analysis. GRP78/BiP
and novel genes. JBiolChem 271: 29659–29665.
4. Zhou RH, Kokame K, Tsukamoto Y, Yutani C, Kato H, et al. (2001)
Characterization of the human NDRG gene family: a newly identified member,
NDRG4, is specifically expressed in brain and heart. Genomics 73: 86–97.
5. Lachat P, Shaw P, Gebhard S, van BN, Chaubert P, et al. (2002) Expression of
NDRG1, a differentiation-related gene, in human tissues. HistochemCell Biol
118: 399–408.
6. Melotte V, Qu X, Ongenaert M, van CW, de Bruine AP, et al. (2010) The N-
myc downstream regulated gene (NDRG) family: diverse functions, multiple
applications. FASEB J 24: 4153–4166.
7. Shaw E, McCue LA, Lawrence CE, Dordick JS (2002) Identification of a novel
class in the alpha/beta hydrolase fold superfamily: the N-myc differentiation-
related proteins. Proteins 47: 163–168.
8. Sugiki T, Murakami M, Taketomi Y, Kikuchi-Yanoshita R, Kudo I (2004) N-
myc downregulated gene 1 is a phosphorylated protein in mast cells.
BiolPharmBull 27: 624–627.
9. Kalaydjieva L, Nikolova A, Turnev I, Petrova J, Hristova A, et al. (1998)
Hereditary motor and sensory neuropathy–Lom, a novel demyelinating
neuropathy associated with deafness in gypsies. Clinical, electrophysiological
and nerve biopsy findings. Brain 121 (Pt 3): 399–408.
10. Kalaydjieva L, Gresham D, Gooding R, Heather L, Baas F, et al. (2000) N-myc
downstream-regulated gene 1 is mutated in hereditary motor and sensory
neuropathy-Lom. AmJHumGenet 67: 47–58.
11. Cangul H (2004) Hypoxia upregulates the expression of the NDRG1 gene
leading to its overexpression in various human cancers. BMCGenet 5: 27–27.
12. Gomez-Casero E, Navarro M, Rodriguez-Puebla ML, Larcher F, Paramio JM,
et al. (2001) Regulation of the differentiation-related gene Drg-1 during mouse
skin carcinogenesis. MolCarcinog 32: 100–109.
13. Guan RJ, Ford HL, Fu Y, Li Y, Shaw LM, et al. (2000) Drg-1 as a
differentiation-related, putative metastatic suppressor gene in human colon
cancer. Cancer Res 60: 749–755.
14. Bandyopadhyay S, Pai SK, Gross SC, Hirota S, Hosobe S, et al. (2003) The
Drg-1 gene suppresses tumor metastasis in prostate cancer. Cancer Res 63:
1731–1736.
15. Bandyopadhyay S, Pai SK, Hirota S, Hosobe S, Tsukada T, et al. (2004) PTEN
up-regulates the tumor metastasis suppressor gene Drg-1 in prostate and breast
cancer. Cancer Res 64: 7655–7660.
16. Okuda T, Higashi Y, Kokame K, Tanaka C, Kondoh H, et al. (2004) Ndrg1-
deficient mice exhibit a progressive demyelinating disorder of peripheral nerves.
MolCell Biol 24: 3949–3956.
17. Taketomi Y, Sugiki T, Saito T, Ishii S, Hisada M, et al. (2003) Identification of
NDRG1 as an early inducible gene during in vitro maturation of cultured mast
cells. BiochemBiophysResCommun 306: 339–346.
18. Li J, Kretzner L (2003) The growth-inhibitory Ndrg1 gene is a Myc negative
target in human neuroblastomas and other cell types with overexpressed N- or c-
myc. MolCell Biochem 250: 91–105.
19. Tu LC, Yan X, Hood L, Lin B (2007) Proteomics analysis of the interactome of
N-myc downstream regulated gene 1 and its interactions with the androgen
response program in prostate cancer cells. MolCell Proteomics 6: 575–588.
20. Salnikow K, Su W, Blagosklonny MV, Costa M (2000) Carcinogenic metals
induce hypoxia-inducible factor-stimulated transcription by reactive oxygen
species-independent mechanism. Cancer Res 60: 3375–3378.
21. Le NT, Richardson DR (2004) Iron chelators with high antiproliferative activity
up-regulate the expression of a growth inhibitory and metastasis suppressor gene:
a link between iron metabolism and proliferation. Blood 104: 2967–2975.
22. Kurdistani SK, Arizti P, Reimer CL, Sugrue MM, Aaronson SA, et al. (1998)
Inhibition of tumor cell growth by RTP/rit42 and its responsiveness to p53 and
DNA damage. Cancer Res 58: 4439–4444.
23. Yu J, Zhang L, Hwang PM, Rago C, Kinzler KW, et al. (1999) Identification
and classification of p53-regulated genes. ProcNatlAcadSciUSA 96: 14517–
14522.
24. Chi JT, Wang Z, Nuyten DS, Rodriguez EH, Schaner ME, et al. (2006) Gene
expression programs in response to hypoxia: cell type specificity and prognostic
significance in human cancers. PLoSMed 3: e47–.
Linking NDRG1 Function and Vesicle Transport
PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e87268
25. Stein S, Thomas EK, Herzog B, Westfall MD, Rocheleau JV, et al. (2004)
NDRG1 is necessary for p53-dependent apoptosis. JBiolChem 279: 48930–
48940.
26. Angst E, Dawson DW, Stroka D, Gloor B, Park J, et al. (2011) N-myc
downstream regulated gene-1 expression correlates with reduced pancreatic
cancer growth and increased apoptosis in vitro and in vivo. Surgery 149: 614–
624.
27. Storvold GL, Gjernes E, Askautrud HA, Borresen-Dale AL, Perou CM, et al.
(2007) A retroviral vector for siRNA expression in mammalian cells. Mol
Biotechnol 35: 275–282.
28. Zeeberg BR, Feng W, Wang G, Wang MD, Fojo AT, et al. (2003) GoMiner: a
resource for biological interpretation of genomic and proteomic data. Genome
Biol 4: R28–.
29. Salnikow K, Blagosklonny MV, Ryan H, Johnson R, Costa M (2000)
Carcinogenic nickel induces genes involved with hypoxic stress. Cancer Res
60: 38–41.
30. Zhang AH, Rao JN, Zou T, Liu L, Marasa BS, et al. (2007) p53-dependent
NDRG1 expression induces inhibition of intestinal epithelial cell proliferation
but not apoptosis after polyamine depletion. AmJPhysiol Cell Physiol 293:
C379–C389.
31. Bandyopadhyay S, Pai SK, Hirota S, Hosobe S, Takano Y, et al. (2004) Role of
the putative tumor metastasis suppressor gene Drg-1 in breast cancer
progression. Oncogene 23: 5675–5681.
32. Jung EU, Yoon JH, Lee YJ, Lee JH, Kim BH, et al. (2010) Hypoxia and retinoic
acid-inducible NDRG1 expression is responsible for doxorubicin and retinoic
acid resistance in hepatocellular carcinoma cells. Cancer Lett 298: 9–15.
33. Shi X-H, Larkin JC, Chen B, Sadovsky Y (2012) The expression and localization
of N-myc downstream-regulated gene 1 in human trophoblasts. PLoS ONE 8:
e75473–e75473. doi:10.1371/journal.pone.0075473.
34. Murshid A, Srivastava A, Kumar R, Presley JF (2006) Characterization of the
localization and function of NECAP 1 in neurons. JNeurochem 98: 1746–1762.
35. Sick E, Niederhoffer N, Takeda K, Landry Y, Gies JP (2009) Activation of CD47
receptors causes histamine secretion from mast cells. Cell MolLife Sci 66: 1271–
1282.
36. Jahn O, Tenzer S, Werner HB (2009) Myelin proteomics: molecular anatomy of
an insulating sheath. MolNeurobiol 40: 55–72.
37. Stamnes M (2002) Regulating the actin cytoskeleton during vesicular transport.
CurrOpinCell Biol 14: 428–433.
38. Chen JL, Fucini RV, Lacomis L, Erdjument-Bromage H, Tempst P, et al. (2005)
Coatomer-bound Cdc42 regulates dynein recruitment to COPI vesicles. JCell
Biol 169: 383–389.
39. Chi X, Wang S, Huang Y, Stamnes M, Chen JL (2013) Roles of rho GTPases in
intracellular transport and cellular transformation. IntJMolSci 14: 7089–7108.
40. Hirsch DS, Pirone DM, Burbelo PD (2001) A new family of Cdc42 effector
proteins, CEPs, function in fibroblast and epithelial cell shape changes.
JBiolChem 276: 875–883.
41. Lin Q, Yang W, Baird D, Feng Q, Cerione RA (2006) Identification of a
DOCK180-related guanine nucleotide exchange factor that is capable of
mediating a positive feedback activation of Cdc42. JBiolChem 281: 35253–
35262.
42. Blanke S, Jackle H (2006) Novel guanine nucleotide exchange factor GEFmeso
of Drosophila melanogaster interacts with Ral and Rho GTPase Cdc42.
FASEB J 20: 683–691.
43. Hampson L, He XT, Oliver AW, Hadfield JA, Kemp T, et al. (2009) Analogues
of Y27632 increase gap junction communication and suppress the formation of
transformed NIH3T3 colonies. BrJCancer 101: 829–839.
44. Bruun CS, Ja¨derlund KH, Berendt M, Jensen KB, Spodsberg EH, et al. (2013) A
Gly98Val mutation in the N-Myc downstream regulated gene 1 (NDRG1) in
Alaskan Malamutes with polyneuropathy. PLoS ONE 8: e54547. doi:10.1371/
journal.pone.0054547.
45. King RH, Chandler D, Lopaticki S, Huang D, Blake J, et al. (2011) Ndrg1 in
development and maintenance of the myelin sheath. NeurobiolDis 42: 368–380.
46. Berger P, Niemann A, Suter U (2006) Schwann cells and the pathogenesis of
inherited motor and sensory neuropathies (Charcot-Marie-Tooth disease). Glia
54: 243–257.
47. Trajkovic K, Dhaunchak AS, Goncalves JT, Wenzel D, Schneider A, et al.
(2006) Neuron to glia signaling triggers myelin membrane exocytosis from
endosomal storage sites. JCell Biol 172: 937–948.
48. Lin W, Popko B (2009) Endoplasmic reticulum stress in disorders of myelinating
cells. NatNeurosci 12: 379–385.
49. Delague V, Jacquier A, Hamadouche T, Poitelon Y, Baudot C, et al. (2007)
Mutations in FGD4 encoding the Rho GDP/GTP exchange factor FRABIN
cause autosomal recessive Charcot-Marie-Tooth type 4H. AmJHumGenet 81:
1–16.
50. Landry MC, Sicotte A, Champagne C, Lavoie JN (2009) Regulation of cell
death by recycling endosomes and golgi membrane dynamics via a pathway
involving Src-family kinases, Cdc42 and Rab11a. MolBiolCell 20: 4091–4106.
51. Degli EM, Tour J, Ouasti S, Ivanova S, Matarrese P, et al. (2009) Fas death
receptor enhances endocytic membrane traffic converging into the Golgi region.
MolBiolCell 20: 600–615.
52. Curtin JF, Cotter TG (2003) Live and let die: regulatory mechanisms in Fas-
mediated apoptosis. Cell Signal 15: 983–992.
53. Yao L, Zhang J, Liu X (2008) NDRG2: a Myc-repressed gene involved in cancer
and cell stress. Acta BiochimBiophysSin(Shanghai) 40: 625–635.
54. Park MY, Choi SC, Lee HS, Kim D, Baek KE, et al. (2008) A quantitative
analysis of N-myc downstream regulated gene 2 (NDRG 2) in human tissues and
cell lysates by reverse-phase protein microarray. ClinChimActa 387: 84–89.
55. Troester MA, Hoadley KA, Sorlie T, Herbert BS, Borresen-Dale AL, et al.
(2004) Cell-type-specific responses to chemotherapeutics in breast cancer.
Cancer Res 64: 4218–4226.
56. Hu Z, Troester M, Perou CM (2005) High reproducibility using sodium
hydroxide-stripped long oligonucleotide DNA microarrays. Biotechniques 38:
121–124.
57. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays
applied to the ionizing radiation response. ProcNatlAcadSciUSA 98: 5116–
5121.
58. Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster analysis and
display of genome-wide expression patterns. ProcNatlAcadSciUSA 95: 14863–
14868.
59. Eisen MB, Brown PO (1999) DNA arrays for analysis of gene expression.
Methods Enzymol 303: 179–205.
60. Zeeberg BR, Qin H, Narasimhan S, Sunshine M, Cao H, et al. (2005) High-
Throughput GoMiner, an ‘‘industrial-strength’’ integrative gene ontology tool
for interpretation of multiple-microarray experiments, with application to studies
of Common Variable Immune Deficiency (CVID). BMC Bioinformatics 6: 168–
168.
Linking NDRG1 Function and Vesicle Transport
PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e87268
